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AESTRACT 

The decay funczion of transient conductivity 

The results wiil be useful 
for some cases of semiconductors and plasmas is 
numerically computed. 
in analyzing experimental data on conductivity 
dispersion and to determine the nature of the 
dispersion mechanism. 



The r e l a x a t i o n  p r o p e r t y  of a conduc t iv i ty  d i s p e r s i o n  can 

be nieasured either i n  t h e  frequency domain or i n  t h e  t i m e  domain. 

We are i n t e r e s t e d  , in t he  l i g h t l y  doped sernicGnductors and s l i g h t l y  

i o n i z e d  plasmas where t h e  so-cal led Maxwellian c o n d i t i o n  a p p l i e s .  - 
- .  

I n  such a s y s t e m ,  p h y s i c a l  formula t ion  is well founded and 

s p e c i f i c  mathematical Z u n c t i o m  can be r e a d i l y  derived' ').  

useful mathematical Pr;;;etions of relzxstion in the f requency 

I 

The 

I 
dom,ain have been q u l t e  c o r q l e c e l y  co iquted  by  Dingle  e t  a l .  (2) -- 
and a p p l i e d  t o  s p e c i f i c  exrinples by u s  ( 3 ) .  The p r e s e n t  paper 

I w i l l  t reat  t h e  mathematical f u n c t i o n s  re la ted t o  t h e  conduc t iv i ty  

i n  t h e  t i m e  domain. The change of t h e  c o n d u c t i v i t y  i n  t h i s  

case is c a l l e d  a decay f u n c t i o n  o r  a t r a n s i e n t .  

, We noted  t h a t  i n  many ana lyses  of exper imenta l  dat'a an  

e x p o n e n t i s l  decay f u n c t i o n  is used. 

decay f u n c t i o n  could  be p u r e l y  convent iona l ,  o r  based on over- 

The o r i g i n  of  t h i s  exponen t i a l  

siniplin"ied p h y s i c a l  models. One should  emphasize t h a t  t h i s  

f u n c t i o n  is only  a very s p e c i a l  case of a p h y s i c a l l y  s i g n i f i c a n t  

re1 a t i o n s h i p  between the rehxition t i m e  and the  a c t i v a t i o n  energy. 

As i t  w2s emphasized i n  R e f .  3,  P r o m  t h e  d i s p e r s i o n  data,  one 

can ,  based oil gene ra l  mathenat icz l  t heo ry ,  determine t h e  energy 
f-- - . 
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' can determine t h e  r e l a x a t i o n  mecliznism. T h i s  p r i n c i p l e  a p p l i e s  

t o  the  d i s p e r s i o n  mezsureaent i n  the  frequency domain as w e l l  

as t o  t h e  t r a n s i e n t  measurement i n  t h e  tiroe domain. 

I n  some r e s p e c t s ,  one loses some p r e c i s e n e s s  i n  t h e  measure- 

meat of the t i i m  domain. B a s i c a l l y ,  i n  t h e  frequency domain, 

one can s imul taneous ly  uetermine two q u a n t i t i e s ,  the s o - c a l l e d  

in-phase,  and t h e  out-of -phase component from a s i n g l e  measure- 

ment, and t h e  t w o  components a r e  connected by a fundamental 

phys ica l  p r i n c i p l e :  t he  Kronig-Kramers' r e l a t ion  ('I. There- 

f o r e ,  i t  becomes p o s s i b l e  t o  test the cons i s t eacy  of the  measure- 

ment i t s e l f ,  even i f  one has  no laowledge of t h e  p h y s i c a l  p r i n c i p l e  

invo lved ,  which one has t o  u t i l i z e  to make t h e  a n a l y s i s .  On t h e  

other  hand, t h e  exper imenta l  arrangement i n  t h e  t i m e  domain i s  

cons ide rab ly  s i m p l i f i e d .  I n  f a c t ,  under some c i rcumstances ,  

t he  measurement i n  t h e  t i m e  domain could  be a s o l e  sou rce ,  when 

t h e  sine-wave source  of s t i m u l a t i o n  is not a v a i l a b l e .  A p h y s i c a l  

problem which i l l u s t r a t e s  t h e  s i t u a t i o n  is  t h e  measurement of t h e  

r e l a x a t i c n  t i m e  of recombicat ion of e l e c t r o n s  and h o l e s  i o n i z e d  

i n  the semiconductors  by t h e  r a d i a t i o n :  w i th  one excep t ion  

kI?3?:n t o  u s  ( 5 ) ,  a l l  measurements were c a r r i e d  i n  t h e  t i m e  domain. 
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integral w i l i  be preseated, t h e a  n u x r i z z l  rcsclts from t h e  

computer w i l l  be given. Some connect ions between t h e  con- 

d c c t i v i t y  i r , t e g r z l  w i t h  s p e c i a l  func t ions  are a l so  d iscussed .  

2 .  T r a n s i e n t  Conduct iv i ty  I n t e g r a l  -- -- - - 
T*7 V i L  r e p z a t  s o m  e s s e n t i a l  s t e 2 s  l ead ing  t o  t h e  mathematical  

func t io i i  of i n t e r e s t  given b y  Ref. 3 .  The frequency 

dependence oI" t h e  complex conduc t iv i ty ,  0 ( w ) ,  is given by 
* d 

- -€ 
7 e 3  e 

d E ,  
0 l + i w ~  

* 
CT (w)  = 

where e ,  n,  and m are e f f e c t i v e  charge,  d e n s i t y  and e f f e c t i v e  

m a s s  r e s p e c t i v e l y  of the e l e c t r o n .  The r e l a x a t i o n  t i m e ,  o r  

t h e  r e c i p r o c a l  c o l l i s i o n  frequency, T ,  is assumed t o  depend on 

t h e  reduced energy parameter t? (= mv 2 /2 k T ,  w i t h  MV 2 / 2  as  t h e  

k i n e t i c  energy of t h e  e l e c t r o n )  a s ,  

References t o  t h e  p h y s i c a l  correspondence of t h e  v a r i o u s  

numerical  va lues  of p were given i n  Ref.  

p = - , 5 / 2  t o  + 3/2 i n  each h a l f  i n t e g e r  s t e p .  

3, t hey  range from 

I 
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t h e  d i s t r i b u t i o n  function of relaxat ic-nt imes.  From Eqs. (1) 

and (2) (7) 
5/  2P 

g ( 5 - 3  = - 1 

1p I 
I n  order t o  normalize fi (t), frm (31, 

S e t  t /a = e..,, w e  have t h e  norinelized decay f u n c t i o n ,  
P 

Some series expansion can be made: f o r  s m a l l  0 ,  expanding 

exp (-0eP> i n t o  the power ser ies  and w e  have, 

9n 
r ( n  + 1) 

n r 5/2 3- ( : ~ - l ) p  1 c 
r (5/2-p) 

CQ 

A ( 8 )  = E, (-1) 
n =o 

I 

For l a r g e  8 ,  we i n t e g r a t e  w i t h  a v a r i a b l e  exp (-U?") = 5 and 

w e  o b t a i n ,  

(3) 



S i m i l a r l y ,  series ('7) can be a p 2 l i e d  ~33 .y  when p > 1, o r  
I 

p is a negative h a l f  i n t e g e r .  The argument is similar t o  t h a t  

of series (6) .  

For some special  value of p ,  c losed  form of A ( 8 )  can be 

ob ta ined .  S i n c e  t h i s  has some a n a l y t i c a l  i n t e r e s t ,  w e  w i l l  

l is t  them i n  S e c t i o n  3 .  

The  nurnerical. rssa1-t~ f o r  a l l  AD ( 6 )  are given i n  Table 1, - 
except for the case p = 0, which is j E s t  an o r d i n a r y  e x p o n e n t i a l  

f u n c t i o n .  For q u a l i t a t i v e  comparison, some r e s u l t s  are a l so  

p l o t t e d  i n  F i g w e  1. 

3. S p e c i a l  Cases 

Ybe list below some s p e c i a l  s o l u t i o n s  of t h e  t r a n s i e n t  con- 

d u c t i v i t y  i n t e g r a l .  

(a) p = 0. T h i s  is the s i m p l e s t  decay f u n c t i o n ,  

A = e  -8 

- 3 / 2  (bj p = i. 
A = (1 f 8 )  
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0 

iu iwa E r f c  ,,/=a ] (10) = p/+ - 2 T d -  e 

l-71 iiis numerical va lue  02 Erfc w i t h  complex zrgument can be 

of Oingle  e t  al. (3) 

found i n  Table (9) . There:ore, Eq. (lC) prov ides  a lirik t o  

the s p z c i a l  E u m t i o n  of Q l m 5  aiid C -- 2 . 5  

( c >  p = 2 .  

where'D is  t h e  p a r a b o l i c  c y l i n d r i c a l  f u n c t i o n  (10) 



1:: t h e  p l o t  of log A ( 8 )  versus  l o g  ( O ) ,  as shown i n  

P< - ._. PT 

Tor c;i-?'e--.F" -1 

large d i f f e r e n c e s  are observed a f z e r  8 > 1. Beyond t h i s  

r eg ion ,  i t  is  e s p z c i a l l y  i n t e r e s t i n g  t o  observe  t h a t  t h e  

dccay ccrve wi th  x) = o (i.e., e x r o n e n t i a l  decay) has the  

s t e ~ p e s - ~  deczy. ::sr ar,y other value of p, i r r e s p e c t i v e  of 

p o s i t i v e  or negative, t h e  decay ;.&,'ie is  s lower .  

1, ve ck,ssrva %at appzcCrh13 d i f f e r e n c e s  of l o g  A ( 0 )  

I c d L  -Jz:;;as 9 e z c y g z  o n l y  a:-:ei: e > IC; , and 

f 

RecalLing 8 is a " x r r ~ 2 i i z e d "  tixe pararaeter,  i t  would 

take about three loga r i thmic  decades of t h e  t i m e  parameter i n  

o rde r  t o  determine t h e  value of p from t h e  exper imenta l  data.  

But i t  seems s u f f i c i e n t  t o  measme j u s t  two decades i n  o r d e r  

t o  d i f f e r e n t i a t e  t h e  exponen t i z l  decay from o the r  Zypes of 

decays.  

The au tho r  mould l ike t o  express  h i s  a p p r e c i a t i o n  t o  M r .  

E. Konas te rsk i  for h i s  he lp  in tlne numerical  computation. 
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